We compared effects of different growing water potential conditions on physiological and morphological water-use properties of Sabina vulgaris Ant., which is an evergreen shrub that is widely distributed in arid and semi-arid environments of the Mu Us Sandy Land, China. Measurements were taken of cuttings grown for eight years under -0.02 MPa (control), -0.10 MPa (moderate water stress), and -0.34 MPa (severe water stress) water potential conditions. The transpiration rate (T r ) under moderate stress was significantly lower than that under severe stress and control water conditions (49% and 45% lower, respectively, than severe stress and the control on average). The leaf-specific hydraulic conductivity (LSC) in shrubs growing under moderate water stress was also significantly lower than for those under the severe water potential condition. In contrast, S. vulgaris growing under severe water stress had less leaf biomass than under moderate stress or control conditions. These results suggest that S. vulgaris growing under moderate water stress tends to show a reduced transpiration rate derived from its low LSC; therefore it avoids water loss in response to chronic water stress, while plants growing under severe water stress tends to reduce water loss through decreased leaf biomass. These results suggest that S. vulgaris has a high capacity for acclimation to different water potential conditions through physiological and morphological flexibility.
INTRODUCTION
Desertification has constituted local and global environmental problems for centuries. It not only impedes the economical development of local areas through enlargement of desert areas; it also influences the daily life and health of people in and around areas by sandstorms. Consequently, rehabilitation of degraded land by revegetation is an urgent necessity; revegetation should be implemented using indigenous plant species for sustainable conservation of environments and economical development in the area. Therefore, studies of the indigenous vegetation and plant species from the ecological and eco-physiological aspects, especially water-use properties of the plant species, are necessary and will contribute to solving these environmental problems. The Mu Us Sandy Land, located southeast of the Ordos Plateau in China, is dominantly of temperate climate; it belongs to a transitional zone extending from temperate and semi-arid to arid areas 1) . The local vegetation is chiefly composed of sandy shrubs; its coverage is usually very low 1)2) . However the community of Sabina vulgaris Ant. is an exception. It tends to grow densely to cover sand dunes completely, thereby creating a "vast green blanket" 3) . Therefore, water-use characteristics is a focus of research related to this species.
An evergreen coniferous shrub, S. vulgaris has a prostrate life-form and life-span of more than 50 years 4) . The low stomatal density and the leaves, which are tightly pressed to the stems, might be structural features that support water conservation 3) . Leaf water-use properties and anatomic features of S. vulgaris underscore that it is a water-saver species 5) . Ohte et al. 6) , using stable isotope techniques, showed that S. vulgaris consumes deep soil water as well as groundwater. Moreover, it has extremely high water use efficiency. In fact, S. vulgaris can form forests or thickets on rocky mountain slopes and sand dunes 7) . It can grow in a wide range of water potential conditions in the Mu Us Sandy Land, from lowland to fixed sand dunes, and even in semi-fixed sand dunes. We are curious about how S. vulgaris can settle in different water potential conditions, how it can acclimate to variable water potential conditions, and what kind of water-use properties balance its growth in every water potential condition. The numerous past studies of S. vulgaris have not addressed these questions.
Following the elucidation of water transport from root to leaf, results of many studies support that decreased hydraulic conductance contributes to the regulation of water loss. Saliendra et al. 8) , using the methods of notching on stems and pressure chamber enclosure of the seedling root system, proved that stomatal conductance (g s ) of water birch dropped in response to decreased k (leaf specific hydraulic conductivity (LSC) in this article) or ψ s (soil water potential), etc. Sperry 9) concluded that stomatal conductance (g s ) and transpiration (E) are often positively correlated with the hydraulic conductance of the soil-leaf continuum (k s-l : hydraulic conductance from soil to leaf). Furthermore, interaction between g s and k s-l helps regulate the leaf water potential (ψ L ). When soil and plant ψ decrease during water stress, k s-l decreases. The interaction between k (hydraulic conductance) and ψ in xylem creates physical limits to the range of ψ L and E over which gas exchange can occur.
For this study, we set three kinds of water potential conditions according to the distribution of S. vulgaris in the Mu Us Sandy Land to demonstrate the mechanism of water-use of S. vulgaris and the response of its water-use properties and growth to different water potential conditions. Using the aspect of water transport, we have considered water-use properties including soil water pressure, stem hydraulic conductivity, transpiration rate, stomatal conductance, and leaf water potential. Studies of stem hydraulic conductivity of S. vulgaris have not been reported to date.
MATERIALS AND METHODS (1) Plant materials and treatments
Cuttings of S. vulgaris cultivated in a green house at Okayama University, Japan, were transplanted into hydro-culture systems from 11 December 1996, where individuals were provided with Hoagland solution and supported by ballasts. Furthermore, from 12 June, 1997, they were grown under three different water potential conditions as experiment treatments, which were -0.02 MPa (pF2.3, control), -0.10 MPa (pF3.0, moderate stress), and -0.34 MPa (pF3.5, severe stress), respectively representing the water potential conditions of lowland, fixed sand dunes and semi-fixed sand dunes in the Mu Us Sandy Land China. 'Moist condition' is used to describe water potential conditions which equate to 'control' in this article. The water potential was controlled using polyethylene glycol (PEG, molecular weight=6000). The solution with PEG and Hoagland solution was stored in 80 L tanks. Using a pump, it was circulated with that in the containers once per hour.
In fact, S. vulgaris is a decumbent shrub with prostrate stems. The prostrate stem is called a stolon. The branches emerge from stolons. Here, we call such a branch a first-order branch on a stolon, or simply a first-order branch. Three plants were used in each treatment. One stolon in each plant was chosen. The first-order branches were set in five positions along the stolon from the basal to the middle and to the outside: one first-order branch in each position was measured in each stolon. The leaf transpiration rate (T r ), stomatal conductance, leaf water potential (ψ L ), and hydraulic conductivities were measured in each first-order branch during 8-24 August 2005. Hydraulic conductivities of stolons were also measured in five positions around each first-order branch in October 2005. In addition, morphological observations and biomass measurements were taken in September and October respectively, in 2005.
(2) Biomass and Morphology
Lengths of all first branches and their distances to the ground base of stolon, and the length and the ground basal diameter of stolon were measured during 6-17 September. In October, we cut all the plants, separated them into three parts-stolons, first-order branches, and leaves--and dried them. Then we measured their respective dry weights.
(3) Transpiration and Leaf water potential
Maximum transpiration rates (T r ) and stomatal conductance were measured using an open gas-exchange system (LI-6400, Li-Cor, Inc., Lincoln, NE, USA). Maximum T r and g s of first-order branches (one branch per location) from the base to the tip of the stolon were measured during 8:00-12:00 o'clock, the maximum transpiration period. The leaf chamber of LI-6400 was set as 1000
CO 2 concentration, 30°C temperature; its humidity was controlled as 40-70%. The data were corrected with one-side projected leaf areas, which were scanned and calculated after measurement. The leaf water potential (ψ L ) was measured with a dew-point potential meter (WP4-T, Decagon Devices Inc., Pullman, Washington, USA). And the leaf samples were taken after gas exchange measurements during 8:00-12:00 o'clock. The total transpiration rate per individual plant was calculated as the average transpiration rate by multiplying the total leaf area of a plant, which was computed using the linear function of leaf dry weight and the subsample leaf area scanned.
(4) Hydraulic conductivity
The hydraulic conductivity measurement was modified from the method described in Sperry et al. 10) . Hydraulic conductivity (K h_original , kg·m·MPa -1 ·s -1 ) is defined as the mass flow rate of water through a segment length under a unit pressure gradient along the stem segment 11) , i.e.
where F is the sap flow rate in kilograms per second and dψ/dx is the water pressure gradient in megaPascals per meter. In this study, we calculated K h (g·mm) as
where η is the viscosity of a fluid in Pascals per second. This equation is modified from Eq. . Actually, a 0.1 M KCl distilled water solution was used to prevent bacteria from multiplying in water 14) . The distilled water was filtered using a 0.2 μm sieve. Sampling was conducted during 8:00-12:00. After the segment was cut underwater, both ends were shaved using a fresh razor blade. The morphologically lower end was then inserted into a tube. The tube was filled with the KCl solution with a gravity-induced pressure head of 10 KPa (101.94 cm). After the solution flowed through the segment and the flow was stabilized for 5 min, it was collected in the other end of the segment for one minute for five successive replicates using a vial filled with absorbent cotton. Then the solution was weighed using an electronic balance (d= 0.0001 g). All sample segment lengths were greater than 2 cm. The hydraulic conductivity of first branch and stolon were measured respectively in August and October.
(5) Specific conductivities and Huber value
Specific hydraulic conductivity (K s , g·mm -1 ) was calculated as K h divided by the cross-sectional sapwood area of the segment. Sapwood areas were computed from pictures, taken with a microscope, of dyed stem slices as the total xylem area excluding the pith area and undyeable xylem area. Leaf-specific hydraulic conductivity (LSC, g·mm -1 ) was calculated as K h divided by the area of all the distal leaves supported by the segment. The leaf area was determined from a one-side projected leaf area, which was calculated from the regression curve between leaf dry mass and leaf area. The Huber value (HV) is defined as the sapwood cross-section area (or sometimes the stem cross-section) divided by the leaf area distally supported 11) . We used the sapwood cross-section area. It measures the investment of stem tissue per unit leaf area fed 11) .
(6) Statistical analyses
Statistical analyses were carried out using software (Statistica 03J, StatSoft Japan Inc., Tokyo, Japan). Significant differences were determined using one-way ANOVA followed by multiple comparison with Tukey's HSD test (p<0.05). It is known that S. vulgaris can grow not only in moist conditions and moderate stress conditions, but also in severe water stress conditions (-0.35 MPa) for more than 8 years (1997-2005). The above-ground biomass of individuals in moderate stress condition was larger than those in control, but the difference was small, although it was apparent that the biomass of plants under severe stress was much smaller than those under control and moderate water potential conditions ( Table 1) . The stolon length, stolon basal diameter and first-order branch length were similar among individuals in control and moderate stress conditions. They were apparently smaller in individuals grown under severe water stress than those in the other conditions; especially for stolon basal diameter and first-order branch length, a significant difference was found. Although assimilation organ ratios were similar among treatments, the leaf weight and leaf weight on the unit length of stolon under severe water stress was much smaller than those in the other two conditions. A significant difference in leaf weight on the unit length of stolons was found.
RESULTS
Although we measured the maximum transpiration rate (T r ), stomatal conductance (g s ), and leaf water potential (ψ L ) of the first-order, and hydraulic conductivity of the first-order branches and stolons in five locations along each stolon, herein, we discuss only the difference in different water stress conditions with respect to the parameters in five locations as sample repetitions because no significant differences were found by location (data not shown).
The value of T r under severe stress resembled that in control; T r in both conditions was significantly higher than that in moderate stress (Fig. 1, left) . Furthermore, g s showed a similar trend with T r in comparison: among the three conditions, S. vulgaris was found to have significantly lower stomatal conductance in moderate water stress conditions than in control or severe water stress conditions (Fig. 1,  right) . Alteration of ψ L in the three water stress conditions is consistent with T r and g s (Fig. 2) . Also, ψ L in the moderate stress condition was lower than that of control or severe stress, except that a significant difference was not found between severe and moderate stress; ψ L under severe stress was also significantly lower than that in control. The total transpiration rate per individual decreased from the control condition to the moderate stress condition, and also to the severe water stress condition. A 
Fig. 1 (left) Leaf transpiration rate (T r ) and (right) stomatal conductance (g s ) of S. vulgaris grown in three water potential conditions (means ± SD, n=15). Different letters indicate significant differences between treatments (Tukey's HSD test, p<0.05).
significant difference was found between control and severe conditions (Fig. 3) . Regarding the first-order branch, hydraulic conductivity (K h ) was significantly lower in the severe stress condition than that in moderate condition (Table 2) . On the other hand, significant differences among the three water potential conditions were not found for specific hydraulic conductivities (K s ) and the value of leaf specific hydraulic conductivity (LSC), although LSC decreased with increased water stress ( Table 2 ). The stem cross-section area and sapwood cross-section area were significantly higher in control and moderate stress conditions than those of the severe stress condition. The values in the moderate stress condition were similar to those in control ( Table 2 ). Leaf areas supported by the segmented stem were largest in the moderate stress condition. A significant difference was not found between the other two conditions ( Table 2 ). The HV had not changed with the variation of the water potential condition, probably because the variations of cross-section area (stem and sapwood) and leaf area showed a similar trend with the variation of the water potential condition (Table 2) . Results implied that the investment of stem tissue versus unit leaf area fed by the stem section was similar among the three water potential conditions. The varying consistency of hydraulic conductivity with the cross-section area among the three water potential conditions suggests that the decrease in hydraulic conductivity (K h ) is probably attributable to the decrease of the stem and/or sapwood cross-section area.
Regarding stolons, the sap transport in the stem varied with conditions (Figs. 4A-4C ). In fact, K h declined with increased water stress, although no significant difference was found between moderate stress and severe stress plants (Fig. 4A) . In fact, K s were similar in moderate water stress and severe water stress treatments. They were significantly lower than that in control (Fig. 4B) .
The LSC under moderate stress was significantly lower than that under severe water stress. Actually, LSC was not significantly different from that in control condition (Fig. 4C) . The cross-section area and leaf area fed by the stem section changed with an increase of water stress too (Fig. 5A&B) . The change in the stem cross-section area and sapwood cross-section area showed a similar trend: they decreased with the gradient from the moist condition to severe water stress, otherwise, the stem cross-section area had a steeper decrease than that of sapwood (Fig. 5A) . Under moderate water stress, the leaf area fed by a stem section was not significantly different from that in a control condition, but under severe water stress, this value was significantly lower than that in control (Fig. 5B) . Furthermore, the parameter HV, representing the investment of stem tissue per unit of leaf area supported, changed too. Severe water stress induced an increase of this investment. However, moderate stress did not influence the investment (Fig. 5C ). 
DISCUSSION
The results described above show that chronic water stress (for eight years) strongly affected water transport in stolons of S. vulgaris. However, it only slightly influenced the first-order branch on the stolon. In fact, K s is a measure of the porosity of the stem segment and is related to the properties of conduits, as expressed by the number and diameter of the conduit per unit-stem cross-section, conduit length, pit membrane porosity, type of perforation, and so on 11)15) . On the first-order branch, hydraulic conductivity (K h ) and cross-section area (stem and sapwood) were largest in the moderate water potential condition; those in control were higher than those under severe stress on average, but had no effect on K s (Table 2) . Results suggest that water stress probably did not or only slightly influence the properties of conduits of the first-order branch of S. vulgaris; the decrease of K h is mainly caused by the reduced cross-section area of the stem and sapwood. On the stolon, K s is reduced significantly by water stress conditions, but between moderate and severe stress conditions, the values are similar (Fig. 4B) . In addition, K h was lower in circumstances of increased water stress, but the decrease process in the cross-section (stem and sapwood) area (Fig. 5A ) differed slightly from K h (Fig. 4A) . The difference of K h between control and moderate was significant, otherwise, the significant difference was not found in the cross-section area. Consequently, water stress probably influenced the conduit properties, and the decrease of K h is caused not only by the decrease of cross-section area (stem and sapwood), but also the decrease of the stem's porosity.
A useful parameter reflecting the hydraulic sufficiency of the stem to supply water to leaves distal to the stem is LSC 11) . In addition to properties of conduits and porosity of the stem, LSC is also influenced by the leaf area distal to the segment. On the first-order branch, although K h was the highest under moderate water stress among the three water potential conditions, leaf area distal to segment was also the largest, so LSC decreased slightly with increased water stress (without significant difference) ( Table 2 ). In contrast, on the stolon, K h decreased with increased water stress, but the leaf area distal to the segment on moderate stress resembled that in control. It was sharply and significantly lower under severe water stress. Those relations induced the result that LSC was the smallest in the moderate stress condition.
The HV parameter is defined as the sapwood cross-section area (or sometimes the stem cross-section) divided by the leaf area, distally supported 11) , which signifies the investment of stem tissue per unit leaf area fed distally by the segment. It is also called the relative xylem conducting area. In plants transpiring large amounts of water, the relative conducting area is large 15) . On the first-order branch, no apparent difference exists between treatments. On stolons, the value under severe water stress was significantly higher than the values in control condition and moderate water potential condition, but in moderate water stress, the value was similar to the control condition i.e. moderate water stress has no influence on this value.
In response to water stress, plants regulate their transpiration by decreasing their stomatal conductance. Although this reduces their photosynthetic potential, they do this to avoid dehydrative damage to their cells and tissues. The vascular tissue itself represents a vital whole-plant process, which is impaired by water stress, i.e. the supply of water to the photosynthetic tissue 9) . These results show that S. vulgaris can express different responses of water-use properties with an increased degree of water stress. When S. vulgaris is exposed to moderate water stress, g s decreases, water transport in stolon (K h , K s ) or from stolon to leaf (LSC) decreases, and leaf water potential declines as well. Decreased g s and water transport restrict water transpiration. Consequently, under moderate water stress, S. vulgaris has decreased leaf water transpiration (T r ). With further increased water stress, the function of stomatal regulation tends to decline. In a severe water stress condition, S. vulgaris possesses a similar K s value to that of moderate water stress (K s ), but its higher LSC facilitates water supply to the leaf. Therefore, its leaf water transpiration is as large as the value in the control condition.
Water use of S. vulgaris growing in moist conditions was unrestrained; for that reason, its water loss (T r ) is large. Decreased porosity of the xylem on the stem might make K s decrease when it suffers water stress. In moderate stress conditions, the water supply from stem to leaf (LSC) decreased and stomatal regulation contributed S. vulgaris to restrict the water loss from leaves. In severe water potential conditions, S. vulgaris can not regulate water loss by stomata intensively, and water can be transported from the stem to leaf as readily as in moist conditions (i.e. the value of LSC); therefore, the leaf water transpiration rate is unrestrained. To survive under severe water stress, it intensively restricts its growth, particularly that related to the total leaf area and leaf area distal to the stem segment (Table 1, Fig. 5) , to decrease the total plant transpiration (Fig. 3) and ensure sufficient water for continued growth in severe water stress conditions.
